The cerebral cortex is a striking example of an ingenious and economic design of nature. Although the surface area of the neocortex is vastly different in the wide variety of mammals, the consistent feature of the cortex is its organization into horizontal and vertical arrays of neurons that form anatomically and physiologically distinct laminar and columnar compartments (1, 2) . The application of a variety of neurobiological methods in the past two decades has provided the basis for a formulation of the dynamic cellular principles underlying cortical development (for review, see ref. 3 ). All cortical neurons in primates, including humans, are generated during the first half of gestation within the proliferative zone lining the surface of.the cerebral ventricle (4) . After their final mitotic division, cortical neurons migrate away from the place of their origin, toward the pial surface, where each successive generation passes one another and settles in an inside-out pattern within the cortical plate (5) . This sequential pattern is particularly pronounced in the large convoluted primate cerebrum, where migratory pathways are long and tortuous (3) .
Postmitotic neurons during their migration tend to selectively follow the membrane surface of elongated nonneuronal, radial glial fascicles that transiently span fetal cerebral wall (6) . This finding led to the concept of differential neuron-glial cell adhesion and stimulated a search for the molecular mechanisms underlying directed neuronal migration (7, 8) . It also led to the formulation of radial unit hypothesis of cortical development.
Radial Unit Hypothesis
According to the radial unit hypothesis (3), the tangential (horizontal) coordinates of cortical neurons are determined by the relative position of their precursor cells in the proliferative ventricular zone, while their radial (vertical) position is determined by the time of their origin. Therefore, cells within a given radial column may originate from several progenitors but share the same birthplace and migrate along a common pathway (3) . According to this theory, the number of radial columns determines the size of the cortical surface, whereas the number of cells within the columns determines cortical thickness. Further, this model holds that the >1000-fold increase in the cortical surface without a comparable increase in its thickness during mammalian evolution can be accounted for by changes in the proliferation kinetics of founder cells that increase the number of radial units without significantly changing the number of neurons within each unit (9) . Thus, mutation of a few (as yet, undiscovered) regulatory genes that control the timing and ratio of symmetric and asymmetric modes of cell divisions in the proliferative zone, coupled with radial constraints in the deployment of migrating neurons, could create an expanded cortical plate with an enhanced capacity for establishing new patterns of connectivity that are validated through natural selection (9) . Radial migration of neurons after final division is not unique to the cerebral cortex, as cells are similarly deployed in the developing retina, spinal cord, tectum, and diencephalon (e.g., refs. [10] [11] [12] [13] [14] . However, the radial unit hypothesis of cortical development has provided a particularly useful framework for understanding the development and evolution of functional modules (1, 2, 9) , as well as the pathogenesis of certain genetic disorders (15) (16) (17) (18) .
Challenge to the Radial Unit Hypothesis
While most developmental neurobiologists agree that the laminar and radial organization of the cerebral cortex can be predicted by knowing the time of neuron origin, the mode ofcell proliferation, and the pattern of neuronal migration, a debate has arisen concerning the role of clonal allocation in building cortical architecture. The point of disagreement is whether, after their mitotic division, clonally related neurons are restricted in their distribution to a given sector of the cortex-e.g., a particular column-or become dispersed through widely spaced regions.
In the last several years the foundation of the radial unit hypothesis has been contested by interpretations of results from retroviral-mediated labeling of cell lineages, some of which initially suggested that most postmitotic neurons in the rodent cerebral wall do not (24) . This dispersion of clonally related cells has been interpreted as evidence that immature neurons of the entire cortical plate may be without intrinsic information concerning their regional fate (25, 26) .
In contrast, examination of clonal allocation in chimeric mice confirmed that a large number of clonally related neurons in the developing cerebrum obey radial constraints (27, 28) . In addition, other retroviral studies revealed radial migration or radial distribution of clonally related cells (29, 30) . Therefore, the remaining questions seem to be which mode of cell allocation is predominant and what is the significance of two modes for building the cytoarchitecture of the cortex. The papers that appear in this issue of the Proceedings (31) together with recent reports published in Development (Cambridge, U.K) (32) and Neuron (33, 34) (i) They show that 13-gall cells in the proliferative vepntricular zone incorporate the thymidine analog, bromodeoxyuridine, indicating that these clones become specified already in the S phase of their last mitotic division. (ii) Precociously and intensely ,B-gal+ cells were interspersed with ,3-gal-cells within the same radial stripes, confirming that radial columns are polyclones that share the same place of origin (3) . Furthermore, the cellular heterogeneity of radial columns and, in particular, their random position across cerebral hemisphere in different animals from the same transgenic line indicate that the transgene expression is unlikely to be due to area-restricted transcriptional regulation induced by specific afferent inputs to the cortex.
Perhaps the most compelling evidence that the majority of neuronal clones remain restricted within radial columns was provided by the distribution of clonally related cells in H253 transgenic mice in which the gene encoding (3-gal was integrated serendipitously into the X chromosome (32) . Since the random inactivation of one X chromosome occurs during midgestation, transgenic female mice generate a mixed population of 13-gall and ,3-gal-cells in the ventricular zone and, therefore, can serve as a paradigm to study their subsequent distribution (28) . Immunocytochemistry revealed that a majority of cortical neurons, originating from the same progenitor (:3-gal+ or (3-gal), migrate in register with their place of origin in the ventricular zone and, in the cortex, form distinct radial stripes with relatively sharp borders (Fig. 1) . However, the clarity of stripes varied greatly between individual animals because an uneven number of ,3-gall cells were situated within the largely unlabeled stripes (compare Fig. 1  A and B) . This "mixing" was interpreted by Tan et al. (32) as a measure of dispersion of clonally related cells beyond radial boundaries. On the basis of this model ( Fig. 2A) up to 30% of cells may be dispersed nonradially as progenitors or after leaving the cell division cycle.
There is, however, an alternative interpretation according to which the observed mixture of 13-gal+ and (3-gal-cells in the H253 transgenic mice reflects the polyclonal composition of radial columns rather than the lateral dispersion of postmitotic neurons (Fig. 2B) . Because the radial unit hypothesis predicts that ontogenetic columns are formed by as many as 10 founder cells (3) and because the inactivation of the X chromosome in individual cells is random, it would be expected that each column in this transgenic preparation would derive from a mixture of labeled and unlabeled progenitors, even without any lateral migration (Fig.  2B) . However, the probability that columns composed exclusively of ,B-gal+ cells alternate with all (3-gal-columns, which would expose radial columns most clearly, is very low. In practice, according to a Gaussian distribution, the most common outcome should be around the middle values, with ratios of labeled/unlabeled cells between 4:6 and 6:4 (Fig. 2C) . When adjacent columns have the same ratios (e.g., 5:5), there would be no contrast in the staining between them, resulting in double-or triple-width columns. In contrast, when adjacent columns have different ratios, the borders become visible, and the bigger the difference in ratios of labeled/unlabeled cells between adjacent columns, the more obvious the border between them in this transgenic preparation (compare Fig. 1 A and B) . The occasional juxtaposition of a highly labeled column (e.g., 9:1) and mostly unstained column (e.g., 2:8) is the most informative, as it sets up the lowest limit of the possible tangential dispersion (Fig. 2D) (36, 37) . Thus, the dispersion of clonally related neurons is probably smaller than Fig. 1 A and assumed, and radial allocation is the predominant mode of distribution. Furthermore, the mixed-composition model proposed in Fig. 2B explains the variability of labeling patterns observed between H253 transgenic animals as illustrated in Fig. 1  A and (33) . With ,fore, more each round of mitosis, the stem cell prolial columns duces two daughters; one leaves the ven--al plate; IZ tricular zone, and the other remains as a VZ sectors self-renewing progenitor. Because of their umns in the sequential mode of production, postmitotic cells leave in tandem to occupy succontrast, cessively more superficial positions in the fer meth-cortex (Fig. 4A) . The radial ordering sug-:r suited to gests that a coupling between the "point cation. In source" in the ventricular zone and a Ih and his restrictive migratory route to the cortical ibrary that plate is established and maintained during breandtalt cell production. These conclusions are in cse and al-accord with the generally accepted view cell types. that asymmetrically dividing progenitors formation generate successive "siblings," which then ition but, migrate in sequence, along a common nterpreta-radial path to the cortex (3, 29, 39) . Howilly related ever, it is remarkable that clonally related )del, there cells retain radial alignment, even in the The first model consists of an array of "sibling" cells generated sequentially from an asymmetrically dividing stem cell in the ventricular zone (VZ). With each round of mitosis, the stem cell produces two daughters; one leaves the VZ, and the other remains as a self-renewing progenitor. Because of their sequential mode of production, the cells leave the VZ in tandem to occupy successively more superficial positions in the cortex (ovals 1, 2, 3, 4). The radial ordering suggests that a coupling between the "point source" in the VZ and a restrictive migratory route to the cortical plate (CP) is established and maintained during cell production. (B) The second mode produces a horizontal array that is composed of "cousin" cells that are generated simultaneously from multiple, related progenitors and migrate in concert to a common cortical lamina. The In addition to the radially deployed clones, some clonally related cells in the primate cortex were distributed horizontally, though, as shown in Fig. 3B , they were closely spaced and confined within a single lamina. This pattern of clonal distribution has not been observed previously in rodents, perhaps because, unlike in primates, the time of cell origin in rodents is less lamina-specific (5). The distribution of the clonally related cells in the same strata of the monkey cortex indicates that they have migrated simultaneously rather than sequentially (33) . Examination of the cortex at a shorter time interval after retroviral injections suggested that symmetric divisions produce multiple, laterally displaced progenitors which, in turn, simultaneously generate "cousin" cells that migrate, in unison, to the same cortical layer (Fig. 4B) . These results support the concept that the laminar fate of cortical cells is determined around the time of their origin (3, 42, 43 (33) . It should be underscored that both patterns of clonal distribution are fully compatible with radial cell migration to the cortex.
Conclusion and Perspective
The experimental evidence reviewed above indicates that the predominant mode of cell allocation in the cerebral cortex is both radial and clonally based. The presumed role of restricted radial allocation of clones may be to preserve positional information essential for the development of functionally distinct areas (3) . However, it should be recognized that the transgenic mice or retroviral gene transfer method documents only a cell's ultimate fate and does not inform about the developmental potential of clonally related cells (34) . Other approaches have demonstrated the emergence of areaspecific molecules in the cortex before or independently of thalamic input (e.g., refs. [44] [45] [46] [47] [48] . For example, the use of transgenic mice combined with transareal transplantation has indicated that the expression of genes specific for somatosensory cortex occurs in this region irrespective of interaction with the type of afferents from the thalamus (47) . It is also noteworthy that specific functions can be restored after transplantation of embryonic cells derived from homologous, but not heterologous, areas (49) . (50, 51) and barrel fields in the somatosensory cortex (52) develop normally only through instruction from the periphery. Furthermore, the size of the thalamocortical input determines the size of the corresponding cortical area (3, (53) (54) (55) . Thus, the laminar and areal specification of cortex involves both intrinsic and extrinsic regulation of cellular events; it assumes the presence of a larger number of participating neurons from which the final pattern of the cortical map is carved (3, 56) .
While the significance of radial allocation of neurons has been proposed for both the ontogenetic and phylogenetic development of cortical architecture (3, 9) , the role of dispersed clones in the telencephalon is less clear. Because the fraction of dispersed cells is relatively small, it could simply reflect imperfection of the biological mechanism involved in cell migration. Alternatively, some of these cells may subserve a specialized role. It has been reported that tangentially moving cells in various parts of the telencephalon may be destined for brain regions-such as the olfactory bulb, basal ganglia, and diencephalon (37, (57) (58) (59) . A subclass of postmitotic cells that migrate tangentially to radial pathways was described also in the developing avian tectum (12, 60) . Collectively, these studies indicate that tangential migration does not necessarily signify the lack of clonal phenotypic restriction, as initially suggested, but rather the commitment of postmitotic neurons to a different mode of migration, one that is regulated by different sets of recognition and adhesion molecules (8, 61 
